Clin Orthop Relat Res (2010) 468:217-223
DOI 10.1007/s11999-009-0881-z

ORIGINAL ARTICLE

Growth Diagrams for Grip Strength in Children

H. M. (Ties) Molenaar MSc, Ruud W. Selles PhD, J. Michiel Zuidam MSc,
Sten P. Willemsen MSc, Henk J. Stam, Steven E. R. Hovius

Received: 28 November 2008 / Accepted: 24 April 2009 / Published online: 21 May 2009
© The Author(s) 2009. This article is published with open access at Springerlink.com

Abstract Grip strength dynamometers often are used to
assess hand function in children. The use of normative grip
strength data at followup is difficult because of the influ-
ence of growth and neuromuscular maturation. As an
alternative, infant welfare centers throughout the world use
growth diagrams to observe normative growth. The aim of
this study was to develop similar growth diagrams for grip
strength in children. We measured the grip strength, hand
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dominance, gender, height, and weight of 225 children, 4 to
12 years old. We developed separate statistical models for
both hands of boys and girls for drawing growth curves.
Grip strength increased with age for both hands. For the
whole group, the dominant hand produced higher grip
strength than the nondominant hand and boys were stronger
than girls. The grip strength of boys and girls differed
between 2 and 19 N for the different age groups. Because
grip strength measurements are accompanied by a rather
large variance, the growth diagrams (presenting a contin-
uum in grip strength) make it possible to better observe
grip strength development with time corresponding to a
more exact age. Depending on the accuracy needed, the use
of one combined diagram could be considered.

Level of Evidence: Level II, diagnostic study. See
Guidelines for Authors for a complete description of levels
of evidence.

Introduction

Grip strength measurements often are used to assess hand
function in patients with trauma or congenital problems or
in the case of degenerative diseases [12]. Hand dyna-
mometers frequently used to measure grip strength are the
Jamar dynamometer (TEC, Clifton, NJ) or equivalent
devices such as the Lode dynamometer (Lode BV,
Groningen, The Netherlands).

Normative and reliability data on these dynamometers
have been published for adults and children [3-5, 14-20].
For adults, a reference table with normative data generally
is used. For children, normative data often are presented in
a table format, in which mean grip strength data are given
for 1- or 2-year intervals with standard deviations (SDs)
[8, 16]. Alternatively, studies have presented equations

@ Springer


http://www.fondsnutsohra.nl

218  Molenaar et al.

Clinical Orthopaedics and Related Research

relating grip strength data with variables such as age,
gender, height, weight, or body mass index [20].

Using the normative data as reference values can be
cumbersome when measuring a child at followup owing to
the increase in strength when a child grows. A child not
only increases in length but also in weight, bone mass, and
muscle volume. This growth complicates the interpretation
of changes in strength measured after interventions such as
surgery or rehabilitation, because outcome is influenced by
growth and the intervention. To discriminate among con-
tributions of growth, intervention effects, or disease
progression, a model more easily interpreted than a table
with 1- or 2-year intervals would be valuable.

As an alternative to the mentioned presentation of nor-
mative data, in children, an intuitive diagram in which
strength is plotted against age would provide an immediate
indication of the strength that can be expected at the child’s
age using a continuous age scale. In addition, variation in
strength can be accounted for using the correct percentiles.
Such growth diagrams for length and weight have been
developed for use at infant welfare centers across the world
[6,7, 10, 11]. Use of these diagrams for grip strength would
give a quick and easy insight into grip strength development
during growth. For example, it could be very valuable when
treating children with congenital hand malformations or
children with neuromuscular disorders who receive long-
term treatment to follow the child’s progress.

Our first aim was to create growth diagrams for grip
strength, making normative data of grip strength more
intuitive and easily accessible from a clinical point of view.
To do so, we first determined which variables in addition to
age, such as hand dominance, gender, height, and weight,
influenced grip strength in our population. Then, we used
these variables to develop a model for drawing grip
strength growth curves in an easily interpretable diagram
for clinical use. The second aim of our study was to see if
an accurate model for grip strength still could be developed
using only simplified average analysis combining both
genders and dominant hand and nondominant hands into
one diagram.

Materials and Methods

After approval of the Institutional Review Board and after
informed consent of the parents, we approached children
from a local primary school without upper limb impairment
for participation. Hand dominance and upper extremity
problems that could influence hand strength were deter-
mined by evaluating parents’ responses to a questionnaire.
Children with a history of upper extremity trauma or
abnormalities were excluded. For this study, we measured
an extra 121 children in addition to the 104 children used in
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a previous study of the reliability of the grip strength
dynamometer in children [17]. Two hundred twenty-five
children, aged 4 to 12 years, were included in this study. Of
all the children studied, 94% were right-handed (Table 1).

We used a Jamar-like dynamometer (Lode dynamometer)
for all measurements (Fig. 1). The Lode dynamometer is an
electronic dynamometer similar to the Jamar dynamometer.
It operates similarly and is calibrated to measure the same
outcome as the Jamar dynamometer. In a previous study, we
quantified the measurement error of this instrument in
children and found the Lode dynamometer to be reliable in
healthy children from 4 to 12 years old. Reliability
increased with age and children of 12 years old had similar
reliability as adults [17]. The dynamometer was used as
recommended by the American Society of Hand Therapists
[2]. The subject sits with the shoulder adducted, the elbow
flexed in a 90° angle, and the wrist in a neutral position [2].

The Lode dynamometer, with the handlebar in Position 2,
was used to measure grip strength of both hands [9]. After
each measurement, we reset the dynamometer. All mea-
surements were performed in a randomized order by the
same researcher (HMM). The children were seated in an
appropriately adjusted chair during measurements. Before
the start of each measurement, the subject was told,
“Squeeze as hard as you can!” A mean of three maximum
voluntary contractions was recorded for each hand. In case
one of the measurements showed a difference greater than
10% from the other measurements, we cancelled that mea-
surement and added a fourth measurement. The mean of the
three remaining values was calculated.

To develop the growth curves, we first estimated the
centiles for grip strength using Altman’s method of abso-
lute scaled residuals [1]. Because a visual inspection did
not reveal skewness or nonnormal kurtosis, we decided not
to transform the dependent variable. In the first model, grip
strength was modeled as a function of the age. To allow for
nonlinearity in the mean, we used restricted cubic splines
with three knots placed at the 10th, 50th, and 90th centiles.

Table 1. Number of participants divided by gender and age

Age (years) Number of boys Number of girls Total
4 12 11 23
5 13 13 26
6 11 12 23
7 13 14 27
8 12 15 27
9 12 14 26
10 13 12 25
11 12 12 24
12 12 12 24
Total 110 115 225
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Fig. 1 A 6-year-old child holds a Jamar-like dynamometer (Lode
dynamometer). The electronic console was facing the researcher so
that no feedback was provided to the subjects.

The SD was estimated using the regression function of the
absolute residuals. We estimated separate relationships for
boys and girls for the dominant and nondominant hands.

The mentioned model was compared with a more
complex model that also included weight and length next to
age. All factors were included in this more complex model
as a restricted cubic spline with three knots. Residuals of
the various models were checked for normality and serial
correlation.

We used a partial F test to calculate differences in grip
strength by gender and hand dominance. Although we
found major differences between boys and girls and
between both hands, we also made a combined diagram for
all boys, girls, and both hands combined. Although this
combined graph is less accurate in predicting normative
data for an individual subject, we present it for use as a first
estimate in clinical situations in which four separate graphs
may be too cumbersome. All estimations and calculations
were performed using SAS™ 9.1 (SAS Institute, Inc, Cary,
NO).

Results

Grip strength increased with age in both hands. In the
entire group, the dominant hand produced higher
(p < 0.001) grip strength than the nondominant hand and
boys were stronger (p < 0.001) than girls (Tables 2, 3).
The differences between boys and girls were not the same
for each age. For the youngest group of 4 to 6 years, the
boys were 24% to 34% stronger; for the middle group of 7
to 9 years old, the boys were 2% to 9% stronger; and for
the oldest group of 10 to 12 years, the boys were 3% to
11% stronger. For both genders, differences in grip strength
between dominant and nondominant hands ranged from 2
to 17 N. To determine correct models for predicting grip
strength in the dominant and nondominant hands of the
boys and girls separately, we compared the more complex

Table 2. Grip strength for boys

Hand Age Number
(years) of boys

Grip strength (N)*

Mean SD Minimum Maximum

Dominant 4 12 659 129 50.2 93.1
Nondominant 61.7 142 399 85.2
Dominant 5 13 84.0 17.6 533 112.8
Nondominant 735 144 473 94.8
Dominant 6 11 97.6 163 70.0 115.4
Nondominant 922 16.7 64.7 123.9
Dominant 7 13 1157 22.0 80.2 145.7
Nondominant 106.1 15.6 839 135.6
Dominant 8 12 1158 292 69.3 152.9
Nondominant 110.8 274 69.8 158.0
Dominant 9 12 139.6 24.0 108.2 179.8
Nondominant 137.1 24.0 102.9 176.7
Dominant 10 13 159.5 36.3 1269 266.1
Nondominant 1519 374 96.4 245.9
Dominant 11 12 1954 36.0 139.9 251.7
Nondominant 179.8 32.8 1429 251.1
Dominant 12 12 219.4 35.0 151.1 288.8
Nondominant 202.8 31.8 147.9 271.2

* Shown as the mean, SD, minimum, and maximum values of the
maximum voluntary contraction; SD = standard deviation.

Table 3. Grip strength for girls

Hand Age Number
(years) of girls

Grip strength (N)*

Mean SD Minimum Maximum

Dominant 4 11 48.6 12.7 36.2 70.8
Nondominant 463 119 253 61.0
Dominant 5 13 64.1 169 443 97.2
Nondominant 593 14.1 314 79.1
Dominant 6 12 82.7 19.1 579 123.5
Nondominant 70.5 10.2 53.8 87.4
Dominant 7 14 107.4 18.1 86.0 140.6
Nondominant 96.9 15.1 78.7 130.8
Dominant 8 15 116.0 23.0 774 148.4
Nondominant 107.1 19.0 73.2 136.2
Dominant 9 14 133.8 299 93.7 185.2
Nondominant 1263 27.7 83.7 176.3
Dominant 10 12 1522 32.6 83.3 193.0
Nondominant 138.6 33.6 68.1 174.9
Dominant 11 12 190.2 32.5 151.0 249.3
Nondominant 175.0 30.5 137.8 231.7
Dominant 12 12 197.6 42.6 109.2 265.4
Nondominant 181.9 34.8 105.4 2233

* Shown as the mean, SD, minimum, and maximum values of the
maximum voluntary contraction; SD = standard deviation.
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Table 4. R? of the models used to draw growth curves for boys and
girls separately and for both genders combined

Gender, hand dominance Model variable* R?f
Boys, dominant Age 79%
Boys, dominant Age, height, weight 80%
Girls, dominant Age 80%
Girls, dominant Age, height, weight 83%
Boys, nondominant Age 77%
Boys, nondominant Age, height, weight 79%
Girls, nondominant Age 80%
Girls, nondominant Age, height, weight 84%
All combined (both hands, both genders) Age 76%
All combined (both hands, both genders) Age, height, weight 80%

300
I

* The simpler model accounts for age only whereas the more com-
plex model accounts for height and weight along with age; 'R>
indicates the explained variance of the simple model, including age,
and the more complex model, including age, height, and weight.
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Fig. 2 A graph shows grip strength for the dominant hand in boys
plotted against age. The centiles 2.5%, 16%, 50%, 84%, and 97.5%
are shown.

model including the variables age, height, weight, and
gender with the simpler model that included age alone. R*
for the dominant and nondominant hands were only
slightly lower in the simpler model with age as the only
independent variable of grip strength (Table 4). Because
we decided the benefits of a simpler model using age only
outweigh the slight increase in predictability of grip
strength achieved by the more complex model, we present
only the simpler model. The simpler statistical models for
grip strength as a function of age in the dominant and
nondominant hands of boys and girls separately were
converted into growth diagrams (Figs. 2-5). In addition to
the curve of the population mean, these diagrams show the
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Fig. 3 A graph shows grip strength for the nondominant hand in boys
plotted against age. The centiles 2.5%, 16%, 50%, 84%, and 97.5%
are shown.
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Fig. 4 A graph shows grip strength for the dominant hand in girls
plotted against age. The centiles 2.5%, 16%, 50%, 84%, and 97.5%
are shown.

centiles that correspond to each standard deviation (SD)
added or subtracted from the mean: 2.5%, 16%, 50%, 84%,
and 97.5% centiles correspond to —2 SD, —1 SD, mean,
+1 SD, and +2 SD.

Finally, we plotted the mean hand strength of the
dominant and nondominant hands against age for boys and
girls combined (Fig. 6). The use of just one diagram for
both genders and both hands could be considered more
practical in some clinical situations where four different
diagrams are too inconvenient to use. Because this
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Fig. 5 A graph shows grip strength for the nondominant hand in girls
plotted against age. The centiles 2.5%, 16%, 50%, 84%, and 97.5%
are shown.
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Fig. 6 A graph shows grip strength for the mean hand strength
(dominant and nondominant combined) for all subjects (boys and girls
combined) plotted against age. The centiles 2.5%, 16%, 50%, 84%,
and 97.5% are shown.

combined diagram includes all data not selective for gender
and hand dominance, the goodness of fit is lower compared
with the other diagrams (Figs. 2-5), although this effect on
the goodness of fit is only small (Table 4).

Discussion

Our general aim in this study was to develop a simple and
intuitive method of presenting normative grip strength data

in children. Normative data usually are reported in table
format, presenting grip strength by age group, gender, and
hand dominance. However, when this method is used to
compare grip strength values in children with time, it
becomes difficult to verify grip strength changes with time
against the reference data. The wide ranges in grip strength
per age do not give a clear overview of a child’s grip
strength development with time.

As an alternative to the classic method of reference
tables, we developed an intuitive diagram showing grip
strength development with time, the intention being to
allow for easier and insightful registration of a child’s grip
strength development in the same way as growth diagrams
are developed for increase in height with time. We devel-
oped the growth diagrams for grip strength (Figs. 2-5) as
tools to be used in a clinical setting. By allowing a child’s
grip strength to be plotted with time, they show how his or
her grip strength has developed relative to the reference
data contained in the diagram. If a child’s strength is
plotted at a certain distance from a centile line, a change in
this distance at followup may indicate an increase or
decrease in strength relative to his or her age. An additional
advantage for individual patient measurements is the con-
tinuous nature of the diagrams. A table containing
reference data is difficult to use, as such values are given
per year or at 2-year intervals. In contrast, the growth
diagrams present a continuum in grip strength values,
allowing measurement outcome to be compared with a
more exact age of any child.

In addition, we also present a model for both hands and
with boys and girls combined (Fig. 6). By sacrificing some
goodness of fit (Table 4), the use of just one diagram could
be more practical in clinical settings. One important thing
to consider using these models (Figs. 2-6) is that the
centile lines are based on the SD of these measurements.
As a result, 5% of all healthy children automatically will
fall outside the outer centile lines.

The grip strength data in our study were somewhat
lower than the reported normative data for grip strength
measured using a handheld dynamometer. To prevent
inadvertent dropping, Mathiowetz et al. [16] supported the
instrument around the readout dial, and they scored a
higher grip strength of 30% or greater. In another study,
van den Beld et al. [20] used a height-adjustable table on
which to rest the instrument. Their results in grip strength
were approximately 19% higher [20]. Finally, de Smet and
Vercammen [8] used no suspension method and measured
grip strengths that were approximately 5% higher. The
lower grip strength in our study may partly be explained by
the fact that we used no form of suspension and that the
children therefore needed to lift the weight of the instru-
ment. We recently found suspension of the dynamometer
when measuring grip in similar age groups can increase the
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force output by 10%. We also found the reliability did not
increase by adding visual feedback to the strength mea-
surements (Unpublished study: Molenaar HM, Selles RW,
M Kd, Zuidam JM, Stam HJ, Hovius SE. Reliability of
three different protocols for measuring grip strength in
children. EUROHAND 2008 e XIIIth Congress of the
FESSH e IXth Congress of the EFSHT. Lausanne,
Switzerland; 2008).

Some limitations must be mentioned regarding our
study. First, the growth diagrams apply only to a healthy
population of children and do not represent the develop-
ment of the grip strength of a child with hand disorders
such as neuromuscular diseases or congenital malforma-
tions. Furthermore, our data apply only to the age range of
4 to 12 years and no reliable predictions can be made for
children older than 12 years. In a previous study, we
quantified the measurement error of this instrument in
children. The Lode dynamometer was found to be reliable
in healthy children from 4 to 12 years old. Reliability
increased with age and children 12 years old had reliability
similar to that of adults [17]. In addition, based on our
clinical experience when measuring children, it is generally
too difficult to reliably measure children as young as
3 years. For these reasons, we used the lower age limit of
4 years. We studied the group from 4 to 12 years old, as
this age group is relevant in our work with patients with
congenital hand malformations. During the period from 4
to 12 years, these children often are treated multiple times
for their specific congenital malformations. Intervention
and intensive therapy are very important to their develop-
ment, dexterity, and growth.

Another limitation of our study is that the diagrams
summarize cross-sectional grip strength data and not lon-
gitudinal data taken from a group of children measured
repeatedly during their development. In addition, there is a
large variance in measurement outcome when repeated grip
strength measurements are performed in reliability studies
[13, 15, 19, 20]. A quantification of variance in a recent
paper regarding the reliability of the hand strength dyna-
mometer in children showed a smallest detectable
difference of 23% to 27% of the outcome [17]. Adding more
subjects to our study will not change the distance between
the centile lines in the model; it would only allow for a more
accurate estimation of the mean and centiles lines.

In clinical settings in which it is important to follow the
development of a child’s grip strength, a growth diagram
would give a good indication of individual development
relative to normative values. In this way, a possible effect
of treatment or therapy may be seen quickly as a gain or
loss of grip strength with time. Our grip strength plots
(Figs. 2-5) for each specific target group provide the
observer with the best model for comparing measurement
outcome. Because these diagrams are more specific, they
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show a better fit to the data. Depending on the accuracy
needed at followup, the use of one diagram might be
considered. At the cost of losing some goodness of fit, one
combined diagram would be much simpler and more
convenient to use (Fig. 6). Either way, because the dia-
grams give observers a practical tool for tracking multiple
grip strength measurements of a growing child with time,
they might be suitable for inclusion in a patient dossier.
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